The imprinted Snurf-Snrpn domain, also referred to as the Prader-Willi syndrome region, contains two ~100-200 kb arrays of repeated small nucleolar (sno)RNAs processed from introns of long, paternally expressed non-protein-coding RNAs whose biogenesis and functions are poorly understood. We provide evidence that C/D snoRNAs do not derive from a single transcript as previously envisaged, but rather from (at least) two independent transcription units. We show that spliced snoRNA host-gene transcripts accumulate near their transcription sites as structurally constrained RNA species that are prevented from diffusing, as well as multiple stable nucleoplasmic RNA foci dispersed in the entire nucleus but not in the nucleolus. Chromatin structure at these repeated arrays displays an outstanding parent-of-origin-specific higher-order organization: the transcriptionally active allele is revealed as extended DNA FISH signals whereas the genetically identical, silent allele is visualized as singlet DNA FISH signals. A similar allele-specific chromatin organization is documented for snoRNA gene arrays at the imprinted Dlk1-Dio3 domain. Our findings have repercussions for understanding the spatial organization of gene expression and the intra-nuclear fate of non-coding RNAs in the context of nuclear architecture.
Introduction
Recent studies have indicated that a previously unappreciated, huge proportion of the mammalian genome gives rise to long, nonprotein-coding transcripts [also referred to as non-coding RNAs (ncRNAs) or mRNA-like transcripts]. These ncRNA gene loci are rather complex and still poorly defined, with some ncRNAs overlapping with, or embedded within, protein-coding genes or even other ncRNA gene loci. Although most of their functions remain to be deciphered, ncRNA transcripts are now recognized as key regulatory players in a broad range of cellular and molecular pathways (reviewed by Mercer et al., 2009; Ponting et al., 2009; Prasanth and Spector, 2007) . Remarkably, among the best-studied non-coding RNAs, several locate to the nucleus and act either as cis-or trans-acting epigenetic regulators of chromatin. This is the case for Xist that triggers X-chromosome inactivation (Chaumeil et al., 2006; Clemson et al., 1996) , Kcnq1ot1 and Air that control genomic imprinting (Mancini-Dinardo et al., 2006; Nagano et al., 2008; Pandey et al., 2008; Redrup et al., 2009; Sleutels et al., 2002; Terranova et al., 2008) and HOTAIR that regulates homeobox (HOX) genes (Rinn et al., 2007) . Some other nuclear-retained transcripts concentrate in nuclear bodies: CTN-RNA and NEAT1/Men / accumulate in paraspeckle domains (Clemson et al., 2009; Prasanth et al., 2005; Sasaki et al., 2009; Sunwoo et al., 2009 ) and MALAT1 associates with speckle domains (Hutchinson et al., 2007; Wilusz et al., 2008) . Remarkably, NEAT1/Men / acts as 'architectural RNA' and controls paraspeckle formation (Clemson et al., 2009; Sasaki et al., 2009; Sunwoo et al., 2009 ). The nuclear stress-induced RNAs Sat III or hsr-n (in human and Drosophila, respectively) are retained at their transcription sites and, by their association with RNA-processing factors, form nuclear stress granules and omega speckles, respectively (Jolly et al., 2004; Prasanth et al., 2000) . Finally, several other nuclear transcripts such as DMPK, Bsr or Gomafu RNAs display punctuated nuclear staining patterns without any obvious association with known bodies (Davis et al., 1997; Royo et al., 2007; Sone et al., 2007) . Therefore, understanding the intra-nuclear fate of long ncRNAs becomes a crucial issue in comprehending their functions.
Imprinted gene clusters are chromosomal domains (of several 100 kb in length) wherein genes are mono-allelically expressed in a parent-of-origin-specific manner, e.g. for a given gene the paternal allele is turned on and the maternal allele is turned off (Fig. 1) . Imprinted gene expression is regulated by allele-specific epigenetic marks introduced during gametogenesis on complex cis-acting regulatory elements, the so-called imprinting centre regions (ICRs), which coordinate monoallelic expression in cis and in a domainwide manner (Lewis and Reik, 2006; Reik and Walter, 2001 ). Most of the imprinted gene clusters examined so far contain one (or several) ncRNA gene(s) whose expression is regulated by ICRs. Interestingly, they also exhibit reciprocal imprinted expression relative to their flanking protein-coding genes (Koerner et al., 2009) and two of them (Airn and Kcnq1ot1) play a role in regulating genomic imprinting. Indeed, these two moderately stable, nuclear transcripts are only synthesized from the paternal allele and, through still poorly known mechanisms, silence in cis the flanking, maternally expressed protein-coding genes (Kanduri, 2008; Mancini-Dinardo et al., 2006; Pauler et al., 2007; Sleutels et al., 2002) . Similarly to Xist that remains associated with its own locus (Clemson et al., 1996) and induces the formation of a nuclear Nuclear imprinted non-coding RNAs and chromatin repressive compartment (Chaumeil et al., 2006) , a leitmotif is now emerging whereby long ncRNAs recruit chromatin-modifying complexes in a lineage-specific manner (in placenta and extraembryonic cells) and trigger parental-specific higher-order chromatin organization Pandey et al., 2008; Redrup et al., 2009; Terranova et al., 2008 ) (reviewed by Koerner et al., 2009; Mohammad et al., 2009) .
The imprinted Snurf-Snrpn domain (also referred to as PWS/AS region in human) contains two large arrays of repeated C/D small nucleolar (sno)RNA genes (here referred to as snoRD115 and snoRD116) with most, if not all of them, embedded within, and post-transcriptionally processed from, introns of larger, paternally expressed ncRNAs (Cavaille et al., 2000; Royo and Cavaille, 2008; Runte et al., 2001) . In mouse, C/D small RNAs have been proposed to derive from Lncat, a huge ~1 Mbase transcript overlapping ICR-snoRD116-Ipw-snoRD115-anti-Ube3a antisense regions (Landers et al., 2004) . In human, a large ncRNA (470 kb) encompassing both C/D small RNA gene clusters has also been reported (Runte et al., 2001 ). Our knowledge of long ncRNAs at the Snurf-Snrpn domain, however, is still limited due to the lack of relevant transgenic mouse models together with the complexity of their repeated gene organization, i.e. small RNA that are embedded and processed form longer ncRNAs. Most studies have concentrated on the potential roles of the embedded small RNA species (Royo and Cavaille, 2008) , and long RNA species have been considered as small RNA vehicles. Although the role of these long ncRNAs, if any, is far from being demonstrated, it is worth noting that the 3Ј-part of Lncat overlaps, in the antisense orientation, the Ube3a gene expressed only from the maternal allele. As a consequence, it was proposed that Lncat might function in cis to silence the paternal allele of the Ube3a gene in neurons (Chamberlain and Brannan, 2001; Johnstone et al., 2006; Kishino, 2006; Rougeulle et al., 1998; Runte et al., 2001) .
We address important issues regarding the biogenesis and the intra-nuclear fate of long, imprinted non-coding RNAs from the Snurf-Snrpn domain, in order to better understand how these long RNAs are generated and how they interact with nuclear structure. We show that these snoRNA host-gene mRNA-like transcripts are Rat Dlk1-Dio3 domain (top) is characterized by a large array of maternally expressed non-coding RNA genes (Gtl2, anti-Rtl1, Bsr and microRNA-HG), whereas Snurf-Snrpn domain (bottom) contains a large array of paternally expressed non-coding RNA genes including alternative U-exons (IC transcript), C/D snoRNA host-gene transcripts (snoRD116-HG and snoRD115-HG), IPW and antisense transcript to Ube3a. C/D snoRNAs are embedded within ~1-2 kb repeated units spanning an intron containing the C/D snoRNA and one (or two) flanking non-protein-coding exons (grey rectangles). MicroRNAs and C/D snoRNAs are indicated as triangles and ovals, respectively. Other imprinted protein-coding genes are rectangles. Paternally or maternally expressed alleles are blue and pink, respectively, whereas epigenetically silenced alleles are black. ICR, imprinting centre region. Differentially methylated regions are symbolized as lollipops with black and white circles indicating methylated and unmethylated alleles, respectively. The scheme is not to scale.
basically not exported to the cytoplasm but rather accumulate in the vicinity of their transcription sites as large RNA species that are unable to diffuse freely. Interestingly, chromatin structure at the paternal allele displays a more decondensed state than at the maternal silent allele. Furthermore, we report that chromatin at another tandemly repeated snoRNA gene array that maps to rat Dlk1-Dio3 domain displays the same allele-specific chromatin organization. The peculiar intra-nuclear fate of these imprinted mRNA-like transcripts and the parental-specific higher-order chromatin organization of their genes are discussed.
Results

snoRD115-HG and snoRD116-HG transcripts are nuclearretained RNAs
The rodent Snurf-Snrpn imprinted domain is characterized by two large arrays of tandemly repeated, intron-encoded C/D small RNA genes -snoRD115 and snoRD116 (formerly named MBII-52 and MBII-85, respectively) that are embedded within the ~1-2 kb repeat units synthesized as long non-protein coding precursors that are mostly, if not exclusively, expressed in neurons in rodents (Cavaille et al., 2000) . The Snurf-Snrpn domain therefore shares common genomic and epigenetic features with the Dlk1-Dio3 domain (Cavaille et al., 2002; Cavaille et al., 2001; Royo et al., 2007; Royo and Cavaille, 2008) (Fig. 1) . After RNA splicing and posttranscriptional processing, snoRD115 and snoRD116 gene loci give rise to mature C/D snoRNAs as well as spliced mRNA-like species that consist of the same repeated, non-protein-coding exons (A, G1 and G2 exons, Fig. 1 ). For clarity, these poorly characterized spliced C/D small RNA host-gene transcripts at the Snurf-Snrpn domain will be referred to as snoRD115-HG and snoRD116-HG (HG for host gene). Due to gaps in the genome sequence, the exact size of these snoRNA gene arrays in rodents is unknown. However, based on quantitative PCR and sequence analysis, they are predicted to extend over ~100-200 kb (supplementary material  Table S1 ).
To resolve issues regarding the intra-nuclear fate of spliced C/D RNA host transcripts, we took advantage of their highly repeated structure to develop high-resolution fluorescence in situ hybridization (FISH) methodologies using short DNA oligonucleotides designed to specifically recognize either exon-exon junctions or intronic regions different from embedded snoRNA sequences. We used primary cultures of hypothalamic or hippocampal neurons prepared from either rat or mouse embryos. Consistent with neuronal-specific expression, the vast majority of, if not all, GFAP-negative and MAP2-positive cells (not shown) highly expressed snoRD-HG genes, as exemplified in Fig. 2A for snoRD-116HG. As shown in Fig. 2B ,C spliced snoRD115-HG and snoRD116-HG transcripts are visualized as characteristic elongated, strong nuclear RNA signals (several m in length) in 70-80% of examined nuclei. They often occupy a significant part of the DAPI-stained nucleus and partially overlap with the signal of unspliced RNA species detected by intronic probes, i.e. spliced RNA signals tend to be larger and more punctuated than unspliced RNA signals. Therefore, spliced snoRD115-HG and snoRD116-HG transcripts accumulate in close proximity to their genes and, consistent with their monoallelic expression, a single RNA signal per nucleus is revealed (see later). In some nuclei, introncontaining transcripts also adopt a linear configuration along which RNA splicing appears to be spatially oriented, as judged by detection of two gradients of decreasing and increasing intensities for the unspliced and spliced RNA signals, respectively (Fig. 2B, lower  panel) . In addition to strong RNA signals at the transcription sites, Journal of Cell Science 123 (1) spliced-specific probes enable the visualization of many weaker, punctuated RNA signals not detected by intronic-probes. These were observed throughout the entire nucleus (10 to >100 per nucleus) but only very rarely in the cytoplasm and never in the nucleolus (Fig.  2B,C) . The use of the snoRNA-specific probe also reveals a single nucleoplasmic signal that merges perfectly with that detected by the intronic-probe. However, in contrast to the intronic-probe, the snoRNA-specific probe also stains the nucleolus, here detected by pre-ribosomal RNA-specific probes matching the rRNA 18S-ITS1 junction (Fig. 2D) .
From these data, we conclude that fully processed snoRD115 and snoRD116 accumulate within the nucleolus and, more importantly, that spliced snoRD115-HG and snoRD116-HG transcripts represent nuclear-retained RNA species. Large accumulations of spliced RNA species near their transcription sites will be collectively referred to as 'RNA grapes', whereas spliced RNA species dispersed in the nucleus will be referred to as 'RNA dots'. Importantly, these two terms do not imply any structural and/or functional meaning.
snoRD115-HG and snoRD116-HG are structurally constrained around their transcription sites
We observed that most of the snoRD115-HG RNA grape signals do not merge with those of snoRD116-HG in rat neurons, with at best a few overlapping signals, thus leaving the impression that they cannot intermingle (Fig. 3Ac ,f,i and Fig. 3E, left histogram) . This non-overlapping pattern is also seen in mouse neurons (Fig.  3B , left panel). Such observations were largely unanticipated given the proximity of their transcribed DNA regions, e.g. snoRD115 and snoRD116 genes are located approximately 15 kb and 54 kb apart in rat and mouse, respectively. In addition, RNA grapes at snoRD115 genes are not affected in neurons prepared from a knockout mouse deleted for the paternal snoRD116 cluster (Skryabin et al., 2007) , indicating that these two RNA grapes behave as separate structural entities (Fig. 3B, right panel) .
We visualized U-exon-containing transcripts (also referred to as IC transcripts) initiating within a ~500 kb region upstream of the snoRD116 gene locus. RNA FISH experiments were carried out in rat neurons, where many repeated U-exons have been identified (Landers et al., 2004) , hence facilitating their detection by our DNA oligo-probe methodologies. As shown in Fig. 3C , the use of Uexon-specific probes reveals a single, major nuclear RNA signal in 40-50% of examined nuclei. These signals are juxtaposed to spliced snoRD115-HG and snoRD116-HG transcripts but again did not exhibit any significant overlap. Remarkably, in many nuclei the apparent order of RNA FISH signals at the interphasic nucleus level mirrors that of the linear organization at the genome level (Fig. 3C , bottom panel and Fig. 3E , center histogram). Finally, compartmentalized RNA FISH signals were observed for unspliced snoRD116-HG and snoRD115-HG when simultaneously tested with intronic-probes ( Fig. 3D and Fig. 3E , right histogram).
The compartmentalization of spliced transcripts seems paradoxical, because snoRD115-HG and snoRD116-HG are thought to be part of a single, huge transcript (Landers et al., 2004; Runte et al., 2001) . The model of a unique transcript is based on the ability to detect overlapping transcripts by RT-PCR throughout snoRD gene domains. At best, such experiments indicate that the entire domain is potentially transcribed, but they do not demonstrate formally the existence of this putative single transcript.
Several lines of evidence argue against a single transcript. First, many human ESTs overlapping snoRD116 genes end within evolutionarily conserved sequences annotated as highly conserved elements (HCE) and frequently found associated with 3Ј-UTRs (Siepel et al., 2005) , strongly indicating the presence of a transcriptional stop signal between snoRD115-HG and snoRD116-HG genes (supplementary material Fig. S1 ). Second, that human snoRD115 is brain-specific whereas snoRD116 is detected in most tissues implies that these two snoRNAs derive from different transcripts (supplementary material Fig. S2A ). Third, even though snoRD115 and snoRD116 are both brain-specific in rodents (Cavaille et al., 2000) , their temporal expression patterns do not overlap during rat brain development (supplementary material Fig.  S2B ) or during in vitro differentiation of mouse P19 cells (Landers et al., 2004) : snoRD116 is expressed earlier than snoRD115. We therefore propose a model whereby snoRD115-HG and snoRD116-HG transcripts are generated by (at least) two different transcription units. Our model does not exclude occasional read-through . Note that mouse snoRD115 and snoRD116 genes are located 54 kb apart; in rat, the exact intergenic sequence length is not known due to two small gaps. (B)Spliced snoRD116-HG and snoRD115-HG are simultaneously visualized by RNA FISH in mouse hippocampal neurons with Alexa-Fluor-488-conjugated spliced probes (green) and Cy3-conjugated spliced probes (red), respectively. Neurons were prepared from wild-type mouse (left panel) or mouse deleted for the paternal snoRD116 alleles (right panel). (C)Lncat is visualized by RNA FISH in rat hypothalamic neurons with two Cy3-conjugated U-exon probes (red), Alexa-Fluor-488-conjugated snoRD116-HG probes (green) and Cy5-conjugated snoRD115-HG probes (blue). The limit of nuclear DAPI staining is shown by a white line. A few additional dot-like signals (1-3 per nucleus, small white arrows) were routinely detected with U-specific probes but their significance was not pursued. (D)Intron-containing snoRD116 and snoRD115 transcripts are simultaneously detected by RNA FISH in rat hypothalamic neurons with AlexaFluor-488-conjugated intronic (green) and Cy3-conjugated intronic probes (red), respectively. Enlarged intronic RNA signals are shown in the inserts. Scale bars: 5m. (E)The percentages of nuclei with RNA FISH signals as symbolized below the histograms were scored. The values represent the mean, and error bars the standard deviation.
transcription that might explain the ability to experimentally link snoRD115 and snoRD116 HG transcripts by RT-PCR. However, two transcription units do not fully explain why spliced RNA species generated from two genes so close to one another look structurally constrained, because intra-nuclear RNA trafficking occurs largely by energy independent, diffusion-like mechanisms (Politz et al., 1999; Shav-Tal et al., 2004; Singh et al., 1999; Vargas et al., 2005) .
snoRD115-HG and snoRD116-HG do not display marked accumulation within poly(A)-rich domains
Speckle domains are subnuclear regions enriched in RNA metabolic factors and polyadenylated RNAs, including some specific mRNAs (Hall et al., 2006) . Recent studies suggest that speckle domains, besides serving as storage sites for splicing factors, might also act as dynamic hubs that spatially organize early steps of gene expression by linking post-splicing steps to subsequent intra-nuclear trafficking and export mRNA pathways (Hall et al., 2006; Smith et al., 2007) . Transcripts entering speckles are unable to freely diffuse out of them (Shopland et al., 2002) , so speckles might have the potential to impose structural constraints on newly made, released transcripts. We therefore analyzed the intra-nuclear distribution of RNA grapes relative to speckle domains, delineated here by detection of poly(A) RNAs. As shown in Fig. 4Aa ,b, neither RNA grapes nor RNA dots are preferentially found within poly(A)-rich domains, even though they are frequently adjacent to them. We thus conclude that stable accumulation of RNA grapes within speckles is unlikely to contribute significantly to non-overlapping RNA track patterns. It is worth noting that compartmentalized RNA grapes are not affected significantly in neurons treated with latrunculin A (an actin polymerization inhibitor), nocodazol (a microtubule inhibitor), sodium azide and D-glucose (energy deprivation), puromycin or cycloheximide (translation inhibitors) or by various temperature treatments (not shown).
snoRD115-HG and snoRD116-HG exhibit an intra-nuclear trafficking distinct from that of RBII-36 HG transcripts
We have previously shown that another structurally related, long ncRNA mapping to the imprinted Dlk1-Dio3 domain (here referred to as RBII-36-HG) displays a punctuated nuclear staining pattern highly reminiscent of snoRD115-HG and snoRD116-HG (Royo et al., 2007) . We subsequently asked whether these three repeated exon-containing mRNA-like transcripts occupy the same nuclear region. As shown in Fig. 4B , RNA dots made by RBII-36-HG do not show any significant association with those made by snoRD115-HG or snoRD116-HG. By contrast, a significant fraction of RNA dots made by spliced snoRD116-HG and snoRD115-HG, i.e. ~49% (n1122) and 38% (n1458), respectively, are tightly associated to each other, or even overlap completely (Fig. 4B,C) . These data indicate that a subset of spliced snoRD115-HG and snoRD116-HG transcripts concentrate independently as separate entities in the same nuclear region. Alternatively, such overlapping RNA dots might represent chimeric transcripts (aggregates or single RNA molecules) owing to read-through transcription as discussed previously.
We next evaluated the relative stability of snoRD115-HG and snoRD116-HG by treating neurons with actinomycin D (AMD) at high concentration (5 g/ml) in order to rapidly inhibit on-going transcription. As shown in Fig. 4AaЈ ,bЈ, the detection of RNA grapes at transcription sites is severely impaired after 5 hours of treatment, even though RNA remnants are still detected in a substantial proportion of nuclei. Importantly, snoRD115-HG and snoRD116-HG dots are only slightly affected in transcriptionally arrested cells after 5 hours of treatment, indicating that they represent metabolically stable RNA species resistant to rapid nuclear RNA decay.
The overall nuclear staining of RBII-36 HG, snoRD115-HG and snoRD116-HG appear highly similar. However, there are significant differences notably in response to drug treatments. First, RBII-36-HG RNA grapes associate more tightly with poly(A)-rich domains in untreated cells (Fig. 4Ac, Fig. 4D ) and then completely disappear in AMD-treated cells without any detectable RNA remnants (Fig. 4AcЈ) . Second, more than 90% of RBII-36-HG RNA dots, but not those made by snoRD115-HG or snoRD116-HG, concentrate within poly(A)-rich domains in AMD-treated neurons (Fig. 4AcЈ) , and also in cells incubated with okadaic acid, an inhibitor of phosphatases known to affect speckle morphology (supplementary material Fig. S3 ) (Hall et al., 2006) . These data provide additional evidence showing that transcripts generated at Snurf-Snrpn and Dlk1-Dio3 domains have complex and distinct intra-nuclear paths.
Spatial organization of snoRD115-HG and snoRD116-HG relative to their genes: evidence for RNA tracks
The spatial configuration of RNA grapes relative to their genes was investigated to determine whether they represent accumulation of processed transcripts detached from their genes, the so-called 'RNA tracks' previously reported at several gene loci (Lawrence et al., 1989; Melcak et al., 2000; Shopland et al., 2002; Smith et al., 1999; Xing et al., 1993) . This is an important issue because if RNA grapes correspond to nascent transcripts still attached to their DNA, the so-called trees, then their association with their genes might provide the structural basis that prevents them from diffusing. Inspired by the work of others (Smith et al., 1999) , we reasoned that RNA accumulation extending largely beyond one side of the gene should indicate RNA tracks, whereas trees should be visualized as RNA accumulation that mostly coincides with their genes.
PFA-fixed primary neurons were heat-denatured and DNA was first detected with a mixture of four oligo-probes antisense to the template strand of either snoRD115 (not shown) or snoRD116 genes, followed by detection of RNA grapes. As shown in Fig. 5A , in most nuclei elongated RNA signals tend to localize to one extremity of the DNA signals, suggesting that RNA grapes represent RNA tracks. However, due to the large size of RNA signals and the inherent limit of such analysis, some RNA signals can occasionally superimpose significantly with DNA signals, especially when snoRD gene loci are detected as multiple DNA FISH signals (Fig.  5A , middle and bottom panels; see below for further explanation).
The transcriptionally active allele is seen as decondensed DNA FISH signals
We discovered that snoRD gene loci are not only observed as a single, punctuated FISH signal (S signal) as illustrated in Fig. 5Ba , but also as doublet, triplet or even more complex FISH signals (up to 6-7 pinpoint signals for a given allele), especially in the case of snoRD116 genes. These punctuated FISH signals, collectively termed D*, are organized either as 'linear string-like' (Fig. 5Bd,e) or as more interlaced structures (Fig. 5Bc) . Even though DNA FISH signals are regularly and closely spaced along beaded structures, in some nuclei the apparent distance between two pinpoint signals can vary substantially (Fig. 5Bb) . Of particular interest are linear extended DNA FISH signals with 6-7 pinpoint signals that can be as long as 2-3 m (Fig. 5C ).
Careful examination reveals that in 50-60% of the examined nuclei, one allele is seen as S signal whereas the other is detected as D* signal (pattern S-D* illustrated in Fig. 5A, middle panel) . Only 10-30% of nuclei possess two parental alleles as two singlet
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DNA FISH signals (pattern S-S illustrated in Fig. 5A , top panel) whereas in remaining nuclei each parental allele is revealed as more than two FISH signals (pattern D*-D* illustrated in Fig. 5A , bottom row). The exact percentages of the three DNA FISH signal (Fig. 5D) . Remarkably, extended D* FISH signals characterized by beaded structures are also visualized at the 100 kb RBII-36 HG locus (Fig. 5E) . Furthermore, similarly to snoRD116 and snoRD115 genes, RNA signals are found at D* signals in the vast majority of examined nuclei with S-D* patterns (Fig. 5F ). Asynchronous DNA replication has been described at some imprinted gene clusters with singlet and doublet-like FISH signals corresponding to late-and early-replicating alleles, respectively (Gribnau et al., 2003) . However, given that we are using primary non-dividing neurons, DNA replication cannot explain doublet FISH signals. Doublet FISH signals might arise if there were an underlying difference in chromatin structure between the two parental alleles, i.e. a differential cohesion of sister chromatids. In this regard, singletdoublet DNA FISH signals independent of asynchronous DNA replication, the so-called SIAR, have been described at the X chromosome center (Mlynarczyk-Evans et al., 2006) . Again, this possibility is extremely unlikely because we failed to obtain any evidence for primary neurons arrested at the G2-M transition, as judged by the lack of duplicated centrosomes (not shown). Finally, and more importantly, none of these DNA-replication-based explanations can account for more than two DNA FISH signals for a given allele.
One can argue, however, that the active paternal allele, perhaps because of its highly repeated structure, might be prone to DNA amplification. To exclude this possibility, we compared the fluorescence intensity of D* signals to that of S signals. We reasoned that if the two alleles were genetically identical, then in a nucleus with S-D* pattern the total fluorescence intensity of the FISH signals at the D* allele should be in the same range of magnitude as that of the S allele, i.e. the ratio of fluorescence intensity of S/D* should be ~1. As shown in supplementary material Fig. S4 , these experimentally determined ratios are centered to 1 in nuclei with S-S pattern and, even more importantly, they do not change significantly in nuclei with various S-D* patterns, thus strongly arguing against allele-specific gene amplification. We therefore conclude that D* and S FISH signals reflect two different chromatin states with the active paternally inherited allele (D*) tending to be more decondensed than the genetically identical, silent maternally inherited allele (S).
Decondensed DNA FISH signals are visualized in highly condensed chromatin
To establish a link between higher-order chromatin structure and gene activity, we performed DNA FISH experiments in primary mouse embryonic fibroblasts (MEFs) that do not express snoRD115-HG or snoRD-116-HG (not shown). Intuitively, one could anticipate that D* signals will be underrepresented, or even absent in these non-expressing cells. However, D* FISH were still detected in MEFs (Fig. 6A, left panel) and the relative proportions of S-S, S-D* and D*-D* FISH patterns at snoRD116-HG or snoRD115-HG were not significantly different from those observed in rat neurons (Fig. 6B) , even though extended DNA FISH signals with more than 3-4 pinpoint signals were less frequent (~10-15%). Perhaps more surprisingly, D* FISH signals (mostly doublet-triplet) were also seen in 50-60% of condensed anaphase chromosomes observed in asynchronously proliferating MEFs (as illustrated in Fig. 6A , right panel) with 40-50% and ~10% of daughter cells displaying S-D* and D*-D* FISH patterns, respectively (Fig. 6B ). These observations are rather unexpected because it is assumed that only DNA regions separated by >500-1000 kb produce readily resolvable FISH signals on metaphasic chromosomes (Lawrence et al., 1990) , although in some cases DNA sequences less than 100 kb apart have been resolved (Lemieux et al., 1994) .
To further appreciate the level of chromatin decondensation at those repeated snoRNA gene loci, we investigated the appearance of their FISH signals in hypercondensed chromatin of haploid spermatozoa Journal of Cell Science 123 (1) and late spermatids. As illustrated in Fig. 6C ,D, a substantial number of late spermatids harbor D* FISH signals (mostly doublet-like signals) with the two closely linked snoRD115 and snoRD116 gene loci relatively well resolved in some nuclei (Fig. 6Ca) . Similar patterns of DNA FISH were observed in late spermatids at the Dlk1-Gtl2 domain (Fig. 6Cd) , even though doublet-like FISH signals might appear less resolved. Consistent with our interpretation that DNA FISH signal appearance reflects the opening of chromatin, the proportion of doublet and triplet FISH signals increases in early, round spermatids known to have less condensed DNA (Fig. 6Cb,e) , whereas in primary spermatocytes with highly decondensed chromatin (diploid cells undergoing recombination and pairing), the three repeated loci are always detected as D* patterns, with large string-like DNA FISH signals (up to 25 pinpoint signals per allele, Fig. 6Cc,f) . Altogether, our ability to visualize D* signals in highly packaged chromatin, either on mitotic chromosomes or in late spermatids and/or spermatozoa, supports the notion that those imprinted gene loci might escape, to some extent, normal chromatin compaction during mitosis or spermiogenesis.
Discussion
The aim of this study was to better understand the metabolism of two long non-coding RNAs from the imprinted Snurf-Snrpn domain. We found that their intranuclear fate is reminiscent of RBII-36-HG/Bsr, another related non-coding transcript mapping at the imprinted rat Dlk1-Dio3 domain (Royo et al., 2007) : these three spliced, repeated-exon containing mRNA-like transcripts accumulate near their transcription sites as large RNA grapes and as numerous stable punctuated foci dispersed in the nucleoplasm (Figs 2, 4) . Consequently, this work identifies imprinted, C/D small RNA host-gene transcripts as members of the growing list of mammalian nuclear-retained RNAs.
Although the function and the cellular pathway underlying their nuclear retention have not yet been identified, we hypothesize that RNA dots are multimerized, or even single RNA molecules that are unable to enter the nucleocytoplasmic transport pathway. In this context, they might represent previously unidentified, subnuclear compartments wherein imprinted long non-coding RNA function and/or are stored. By analogy to two other repeated nuclear noncoding RNAs (hsr and sat III transcripts in Drosophila and in human cells, respectively) thought to be involved in the dynamics of RNA processing factors in heat-shocked cells (Jolly and Lakhotia, 2006) , spliced snoRNA host-gene transcripts might associate specifically with proteins and serve as storage sites, regulating their intracellular availability depending on environmental cues and/or stress. One should note that RBII-36-HG has complex intracellular paths because it associates with nuclear poly(A)-rich domains and cytoplasmic stress granules in transcriptionally arrested neurons (Fig. 4) and in arsenite-treated fibroblasts, respectively (Royo et al., 2007) . We are aware that drug treatments might have indirect effects on nuclear structures that are difficult to interpret. Thus, we cannot rule out the possibility that RNA dots are entrapped within structurally altered speckle domains.
To our best knowledge, this is the first time that the early intranuclear trafficking of two such closely linked transcripts has been reported. That RNA grapes do not intermingle deserves further comment as such an observation could be counterintuitive because it gives the impression that these two spliced mRNA-like species are delivered to distinct subnuclear environments and/or are tethered to different underlying nuclear structures that restrict their movement (Fig. 3) . These interpretations might also appear at odds with the notion that RNP complexes travel through the nucleus by random, diffusion-like motion (Politz et al., 1999; Shav-Tal et al., 2004; Singh et al., 1999; Vargas et al., 2005) , even though energy-dependent processes increase the nuclear mobility of macromolecular entities (Calapez et al., 2002; Carmo-Fonseca et al., 2002) . Thus, our data show that freshly made spliced snoRNA host transcripts are compartmentalized and retained in the vicinity of their transcription sites. We wish to emphasize, however, that RNA dots away from . Note that in primary spermatocytes (diploid cells that are undergoing chromosome pairing), homologous chromosomal regions are not easily resolved (c), although in some nuclei the two chromosomal regions can be discriminated (f). As a consequence, we only scored primary spermatocytes in which the two parental alleles were reasonably separated. The 'late spermatid' fraction comprises late elongating spermatids, condensing spermatids and spermatozoa. Meiotic cells and spermatids were staged based on their appearance with DAPI. their transcription sites are found randomly in the nucleoplasm, and thus only RNA species around their transcription sites seem to be prevented from diffusing. Highly localized accumulation of transcripts detached from their genes but in close proximity to their transcription sites, the so-called 'RNA tracks', have been well documented. These observations have been incorporated into a paradigm whereby transcription, pre-mRNA metabolism and the early steps of intra-nuclear trafficking are spatially organized within the nucleus (Lawrence et al., 1989; Melcak et al., 2000; Shopland et al., 2002; Smith et al., 1999; Xing et al., 1993) . Of notable interest, MyHC and dystrophin RNAs synthesized from two different chromosomes display a marked difference in their nuclear compartmentalization relative to speckle domains (inside and outside, respectively) and they do not intermingle even when they are extremely close (Smith et al., 1999) . Given that snoRD115 and snoRD116 RNA grapes do not significantly enter speckle domains (Fig. 4) , the putative underlying nuclear structure that might represent a physical barrier remains highly elusive.
An appealing hypothesis stipulates that RNA grapes, in conjunction with bound proteins and also perhaps through their highly repeated structure, might have the inherent ability to organize into cytological defined entities. Airn is able to form an RNA cloud that frequently envelops the paternally silenced Slc22a3 in placenta as well as poorly characterized RNA clusters in differentiated ES cells (Braidotti et al., 2004) . By analogy to Airn and Kcnq1ot1 transcripts that recruit chromatin-modifying factors and create repressive nuclear compartments Pandey et al., 2008; Redrup et al., 2009; Terranova et al., 2008) , it is tempting to speculate that RNA grapes made at Snurf-Snrpn and Dlk1-Dio3 imprinted domains play a role in transcriptional gene silencing, in particular silencing of the flanking, protein-coding genes at the 3Ј distal part of the domains, Ube3A and Dio3, respectively. These display reciprocal imprinted expression, and no allele-specific epigenetic marks have been described so far (Chamberlain and Brannan, 2001; da Rocha et al., 2008; Johnstone et al., 2006; Kishino, 2006; Rougeulle et al., 1998; Runte et al., 2001) . More sophisticated experiments are now required to fully appreciate the potential function of this complex population of large imprinted ncRNAs.
Although allele-specific epigenetic marks (e.g. DNA methylation and histone modifications) have been extensively studied, our knowledge of higher-order chromatin organization at imprinted gene clusters is still limited. The paternal allele at the mouse Kcnq1 cluster displays a more contracted state than the maternal counterpart (Terranova et al., 2008) , whereas no significant topological difference between parental alleles was detected at the human PWS domain (Mahy et al., 2002; Nogami et al., 2000; Rauch et al., 2008) . Based on DNA FISH signals, we provide compelling evidence that the active paternal allele at the rodent snoRNA gene clusters exhibits a more decondensed state than the silent maternal allele (Fig. 5) . To our best knowledge, such extended DNA FISH signals have never been reported at any other imprinted gene loci. Importantly, chromatin decondensation at those snoRNA gene arrays must be considered as an indication of potential transcription and not of transcription per se (Fig. 6A) . That D* signals are still detected in highly packaged chromatin throughout mitosis and also in haploid late spermatids was rather unexpected. Extended DNA signals correlate with the methylation status of ICRs at the Dlk1-Gtl2 region and the snoRD115-116 region. It is, however, very unlikely that D* signals are faithfully inherited. First, in the male germ line, the two snoRNA regions with reciprocal imprinted expression harbor similar Journal of Cell Science 123 (1) DNA FISH patterns (Fig. 6C,D) . Second, the two daughter cells display different DNA FISH patterns in ~50% of cells in anaphases we examined (not shown). Altogether, these observations support the notion that genetic material is not homogenously packaged along mitotic chromosomes or within late spermatids, even though one cannot formally exclude that, under some circumstances, hybridization procedures might yield such pinpoint signals.
Visualization of different levels of chromatin compaction in interphase nuclei in relation to gene activity has been extensively reported for large artificial, repeated transgene arrays (Dietzel et al., 2004; Hu et al., 2009; Janicki et al., 2004; Muller et al., 2001; Tsukamoto et al., 2000; Tumbar et al., 1999) . Interestingly, stringlike DNA FISH signals described here (Fig. 5) are reminiscent of the beaded structures revealed at some reporter genes (Hu et al., 2009; Muller et al., 2001; Tsukamoto et al., 2000) , suggesting that conclusions drawn from these artificial systems might be relevant for endogenously expressed, repeated arrays in their native chromatin context. We noticed with interest that beaded structures were visualized at two different non-repeated human, ~400 kb regions (MHCII and 22q) in their natural chromatin context (Muller et al., 2004) , again strengthening the notion that beaded DNA FISH signals are common features of decondensed chromatin rather than simply due to the repeated structure or the imprinted status of snoRD genes. While this manuscript was under revision, LaSalle's group independently reported outstanding, neuronal allele-specific decondensation (highly reminiscent of our results) at the same two loci investigated by us (Leung et al., 2009 ). With 200 kb as an upper limit, we estimate a packing ratio at the snoRNA gene loci ranging from ~1/70 to ~1/30 for bead-like DNA FISH signals with for three and 6-7 pinpoint DNA signals, respectively. These values are consistent with snoRD gene loci being organized into a 30-nm chromatin fiber (30-to 40-fold compaction ratio) and thus differ from recent studies showing that active transcription occurs at a compaction ratio greater than expected for the 30-nm fiber (Hu et al., 2009) . It is important to stress that decondensation at snoRD genes is not absolutely required, as exemplified by high expression level at S signals in neurons.
It has been shown that actively transcribed DNA sequences at the ~2 Mbase mammary tumor virus (MMTV) array are extruded from transcription sites as highly decondensed domains not detected by conventional DNA FISH protocols (Muller et al., 2007) . Although we failed to obtain any experimental evidence for extended loops, whether snoRNA gene arrays reflect the same chromatin configuration as MMTV array remains an open question. This is an important issue because highly decondensed loops might provide, at least partially, some explanation regarding the structural organization of RNA grapes. In other words, newly spliced RNA species might not overlap because their transcribed DNA sequences are looped out from their transcription sites, and consequently they are more distant from each other than we anticipated on the basis of visible DNA FISH signals.
In addition to furthering our understanding of the spatial organization of gene expression, this study also provides insights into the relationship between the lack of expression of snoRD116 gene loci and a complex neurologic human disorder, the PraderWilli syndrome (PWS) (Nicholls and Knepper, 2001 ). Indeed, most recent studies focused on snoRD116 genes as potential candidate genes (Ding et al., 2008; Gallagher et al., 2002; Sahoo et al., 2008; Schule et al., 2005; Skryabin et al., 2007; Wirth et al., 2001 ). However, it has never been demonstrated formally that PWS results from the lack of expression of snoRD166, or snoRD116-HG, or both. Our data show that snoRD116 and snoRD115 gene clusters most probably represent two independent transcription units generating metabolically stable nuclear RNA species in neurons, which opens new avenues for future studies to test the physiological roles of long, imprinted non-protein-coding RNA in PWS.
In conclusion, our study reveals that two evolutionarily distinct imprinted snoRNA gene clusters at the Dlk1-Dio3 and Snurf-Snrpn domains share common features: firts, they are sources of highly expressed, long nuclear-retained mRNA-like transcripts; and second, they exhibit an outstanding parental-specific chromatin organization that can be directly visualized at the light microscopy level. Future studies will unravel the hypothetical interplay between long noncoding RNA, control of genomic imprinting and higher-ordered chromatin organization in neurons and also perhaps in neurological diseases.
Materials and Methods
Cell cultures
Rat primary hypothalamic neurons were prepared from fetal Sprague Dawley rat hypothalami (E17) as previously described (Royo et al., 2007) . The same method was used to prepare mouse primary hippocampal neurons from fetal mouse hippocampi (E18) except that they were cultured in neurobasal medium (Gibco) supplemented with B27, 5 mM glutamine and antibiotics (penicillin or streptomycin).
Fluorescence In situ hybridization (FISH), probe preparation and microscopes
For RNA FISH, neurons or fibroblasts were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 30 minutes at room temperature and permeabilized overnight at 4°C in 70% ethanol. RNA FISH was carried out overnight at 37°C in 15% formamide, 2ϫ SSPE, 10% dextran sulfate, 150 g/ml yeast tRNA and 10 ng oligo-probe (30 l). Cells were washed at room temperature in 15% formamide, 2ϫ SSPE (20 minutes, twice) and in 1ϫ SSPE (10 minutes). For DNA-RNA FISH, coverslips were first heat-denaturated at 85°C for 12 minutes 30 seconds in 70% formamide, 2ϫ SSPE, kept on ice (20 seconds), dehydrated in 70% ethanol (30 seconds), air dried (2 minutes) and hybridized overnight at 37°C. Cells were then washed in 15% formamide, 2ϫ SSPE (20 minutes, room temperature), 50% formamide, 2ϫ SSPE (20 minutes, room temperature) and in 0.1ϫ SSPE (10 minutes, 50°C), prior to RNA FISH as described above. Coverslips were mounted in Moviol DAPI (0.1 g/ml). Note that for DNA FISH a mixture of four oligonucleotides antisense to the template strand of DNA was used. Amino-allyl-modified oligonucleotides were labeled with fluorolink Cy3 (Amersham Biosciences, Piscataway, NJ), Cy5 (Amersham Biosciences), or Alexa Fluor 488 (Invitrogen) according to the manufacturer's instructions (their sequences are given in supplementary material Table S2 ). DNA FISH on MEFs was performed using BAC clones RP24-177J9 (snoRD-116 gene cluster) and RP24-571B24 (snoRD-115 gene cluster), labeled with ChromaTide Alexa-Fluor-568-5-dUTP (Molecular Probes) or aminoallyl-dUTP-ATTO-488 (Jena Bioscience) by random priming (Bioprime DNA Labeling System; Invitrogen) and hybridized using the same conditions described for oligo-probes. Images were captured with a CoolSnap ES camera (Roper Scientific, Tucson, AZ) mounted on a microscope (model DMRA, Leica, Deerfield, IL) with Leica 100ϫ plan Apo 1.4. DNA FISH on germ cells were carried out as described (Mahadevaiah et al., 2009 ) (see below for further details) with biotin-or digoxigeninlabeled probes, prepared with a Biotin or a Digoxigenin Nick Translation Kit (Roche) on BACs RP24-177J9 (snoRD116 gene cluster), RP24-571B24 (snoRD115 gene cluster) and RP24-378G4 (12q cluster). Slides were mounted in Vectashield DAPI. Image acquisition was carried out on an inverted microscope (Iϫ70; Olympus) using a 100ϫ1.35 U-PLAN-APO oil immersion objective (Olympus) and a computerassisted (DeltaVision) CCD camera (CH350L; Photometrics).
DNA FISH on germ cells
Mouse testes were macerated using scalpel blades in RPMI medium and the resulting cell suspension was applied to boiled slides. Slides were covered in CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM PIPES, 0.5% Triton X-100, 1 mM EGTA and 2 mM vanadyl ribonucleoside, pH 6.8) for 10 minutes, and then in 4% paraformaldehyde (pH 7-7.4) for 10 minutes. We rinsed slides in PBS before dehydration through an ethanol series (2ϫ 70%, 85%, 90%, 95%, 100%) and freezing at -20°C. Slides were rinsed in PBS and in 75°C 2ϫ sodium citrate/sodium acetate buffer (SSC) before denaturation in 70% formamide, 2ϫ SSC at 75°C for 3 minutes We transferred slides to ice-cold 70% ethanol and submitted them to a second ethanol series. For hybridization, we used biotin-or digoxigenin-labeled probes, prepared with a Biotin or a Digoxigenin Nick Translation Kit (Roche) on BACs RP24-177J9 (snoRD116 gene cluster), RP24-571B24 (snoRD115 gene cluster) and RP24-378G4 (12q cluster). Hybridization reactions consisted of 0.3 g of labeled probe, 3 g of labeled Cot-1 and 20 g of salmon sperm DNA in 2ϫ SSC, 10% dextran sulfate, 1 mg/ml BSA and 2 mM vanadyl ribonucleoside, and were carried out at 37°C overnight. We then subjected slides to stringency washes at 45°C in 2ϫ SSC (4ϫ 3 minutes) and at 60°C in 0.1ϫ SSC (4ϫ 3 minutes) and to blocking in (4ϫ SSC, 5% casein) for 30 minutes at 37°C. Detection of biotin-coupled probes was performed by using streptavidin-Cy3 (1:100, 30 minutes at 37°C), followed by amplification using biotinylated antibody to streptavidin (1:100, 30 minutes at 37°C) and then one further round of streptavidin-Cy3 (1:100, 30 minutes at 37°C). Detection of digoxigenincoupled probes was carried out with anti-DIG-FITC (1:10, 1 hour at 37°C). Slides were washed 3ϫ 2 minutes in (4ϫ SSC, 0.1% Tween) between each step.
RNA isolation, northern blot analysis, RT-PCR
To measure the spatiotemporal expression pattern of snoRD115 and snoRD116 (supplementary material Fig. S2 ), the following methods were used. Total RNA was prepared using Trizol (Invitrogen) according to the manufacturer's instructions and treated with RQ1 DNase (Promega) and proteinase K (Sigma). Human total RNAs were purchased from Ambion (The FirstChoice human total RNAsurvey panel, #AM6000). For RT-PCR analysis, 2 µg of total RNA was reverse-transcribed with random hexamerprimers, using Superscript II RTase (Invitrogen) at 42°C for 75 minutes, 1/10 of the RT reaction was amplified by PCR (cycles n25 using GoTaq polymerase, Promega) using the oligonucleotides exon59, exon61, Par1for and Par1rev. For northern blot analysis, total RNA was fractionated by electrophoresis on a 6% acrylamide, 7 M urea denaturing gel. Electrotransfer was performed onto nylon membranes, followed by UV light irradiation. Northern blot hybridization was carried out with 5Ј-[ 32 P]-labeled-DNA oligonucleotide probes, with an overnight incubation at 50°C in 5ϫ SSPE, 0.1% SDS, 5ϫ Denhardt's, 150 mg/ml yeast tRNA. Membranes were washed twice with 0.1% SSPE, 0.1% SDS at room temperature before autoradiography. The snoRD-115 and snoRD-116 were detected using the oligonucleotides snoRD-115rev and snoRD-116rev, respectively (supplementary material Table S2 ).
